ABSTRACT
INTRODUCTION
Gene transfer into mammalian cells in culture is a crucial means for investigating a wide variety of biologic functions (12, 13) . It is often used to dissect the genetic elements that regulate gene expression or to study the effect of gene expression on a particular cellular function. Gene transfer can also be used to produce a protein for therapeutic applications.
A variety of approaches have been developed to transfer genes into mammalian cells in culture. They include both viral and nonviral approaches, each with their advantages and disadvantages. Viral vectors such as those derived from retroviruses or adenoviruses can enable high levels of foreign gene expression, but the initial establishment of the viral vector is an involved procedure.
Nonviral or physical-chemical approaches are an attractive alternative because they require only the initial construction of a plasmid vector. Previously, the co-precipitation of DNA and calcium phosphate, one of the earliest techniques developed for gene transfer, required attention to detail and had low efficiency of gene transfer (8, 20) . The development of cationic liposomes containing N -[1-(2,3-dioleyloxy)propyl]-N , N , N -trimethylammonium chloride (DOTMA) and dioleoyl phosphatidyl ethanolamine (PE) ushered in a new era in transfection reagents since they required only mixing of the plasmid DNA with the transfection reagent and were more efficient in several types of cultured cells (6, 19) . Newer cationic liposomes such as 2,3-dioleyloxy-N -[2(sperminecarboxamido)ethyl]-N , Ndimethyl-1-propanaminiumtrifluoroacetate (DOSPA)/PE enable very high levels of gene expression (10) . Our laboratory has recently described the use of histone H1 protein with cationic, neutral or anionic liposomes to enhance the efficiency of gene transfer (7, 9) . In this study, we demonstrate that complexes of histone H1 protein and a wide variety of amphipathic polyamines (PAPA) can mediate the highly efficient transfection of cultured mammalian cells with minimal cellular toxicity. Table 1 describes the synthesis for each compound.
MATERIALS AND METHODS

Synthesis of Compounds
Plasmid DNA Complex Formation
The luciferase expression vector, pBS.CMVLux (3) , and the β -galactosidase ( β -gal) expression vector, pBS.CMVLacZ (3), were purified on CsCl gradients (14) . They were used to form either PAPA or cationic liposome complexes.
The amphipathic polyamines water mixtures were prepared by dissolving them with or without dioleoyl PE (Sigma Chemical, St. Louis, MO, USA) in chloroform, which was then dried in a SpeedVac ® SVC100 (Savant Instruments, Holbrook, NY, USA) to produce lipid films. One milliliter of sterile water was added to the lipid films, vortex mixed for 1 min at room
Synthesis of Compound A
The unreduced intermediate for this compound was synthesized by adding 662 mL of oleoyl chloride to 184 mL of N, N′ -Bis(3-aminopropyl)ethylenediamine (Aldrich Chemical, Milwaukee, WI, USA) in 8 mL of dioxane. The reaction mixture was stirred for 16 h at 70°C. After the dioxane was evaporated under vacuum, the residue was dissolved in 2 mL of chloroform. After silica gel column-chromatography (eluent:chloroform/methanol 98:2) 180 mg (15.4% yield) of the unreduced intermediate were obtained. R f was 0.85 on thin-layer chromatography (TLC) on Silica Gel 60 F254 (Alltech Associates, Deerfield, IL, USA) in chloroform/methanol (3:0.6). Proton nuclear magnetic resonance (NMR) (in CDCl 3 ): d 0.87 (12H), 1.25 (88H), 1.7 (4H), 2.00 (16H), 2.2 (8H), 3.4 (12H), 5.35 (8H) and 6.65 (2H).
The intermediate dissolved in tetrahydrofurane (THF) was slowly added to a stirred suspension of LiAlH 4 , and the reaction mixture was stirred for 72 h at 55°C. The mixture was treated with ethyl acetate (1 mL) and 1 NNaOH (0.8 mL) and then filtered. The precipitate was washed two times with THF. The filtrate and washings of the precipitate were dried (with MgSO 4 ) and evaporated. After silica gel column-chromatography (eluent: CHCl 3 : CH 3 OH 96:4), yield was 7.6%. R f was 0.7 on TLC on Silica Gel 60 F254 in chloroform/methanol (3:0.5). Proton NMR (in CDCl 3 ): d 0.87 (12H), 1.25 (96H), 1.87 (2H), 2.00 (16H), 2.50 (4H), 2.8 (20H) and 5.38 (8H).
Synthesis of Compound B
The unreduced intermediate for this compound was synthesized by adding 1.046 mL of diisopropylethylamine and 2 mL of oleoyl chloride to a solution of 190 mL of tetraethylenepentamine (TEPA) in 10 mL of dimethylformamide (DMF). The reaction mixture was stirred at 56°C for 16 h. Two layers formed. The upper layer containing the product was collected and washed two times with 2 mL of DMF. The residue was dissolved in CHCl 3 
Synthesis of Compound C
The unreduced intermediate for this compound was synthesized by dissolving 190 mL (1 mmol) TEPA in 6 mL of dioxane with 349 mL (2 mmol) of N, N-diisopropylethylamine and then adding 662 mL (2 mmol) of oleoyl chloride. The reaction mixture was stirred 16 h at 56°C and dioxane was evaporated under vacuum. The residue was dissolved in chloroform and applied to a silica gel column. The column was washed with chloroform, the product was eluted by chloroform/methanol (96:4) and the solvent was evaporated. The yield was 150 mg (21%). R f was 0. 
Synthesis of Compound D
Two hundred eighty milligrams (1 mmol) of 1,4-Bis(3-aminopropyl)piperazine was dissolved in 10 mL of 1,4-dioxane and mixed with 800 mg (2.2 mmol) of oleoyl chloride (J. Hagstrom, V. Gurevich, V. Budker and J. Wolff, unpublished). The reaction mixture was stirred 16 h at 70°C. The formed precipitate was filtered, dissolved in CHCl 3 and filtered again. After the CHCl 3 was evaporated, the residue was purified by silica gel column-chromatography (eluent CHCl 3 /methanol-9:1). The intermediate (314.6 mg) was obtained (40% yield). The compound was dissolved in 5 mL CHCl 3 , and 5 mL H 2 O were added. NaOH was added to adjust the pH to 9.0, and the CHCl 3 
Synthesis of Compound E
The unreduced intermediate for this compound was synthesized by mixing 150 mL of (1 mmol) tris-(2-aminoethyl)amine dissolved in 5 mL of dioxane with 400 mg of N, N-diisopropylethylamine and 1080 mg (3.3 mmol) of oleoyl chloride. The reaction mixture was stirred 16 h at 70°C. The precipitate was discarded, and after cooling, another precipitate formed, which was collected and re-crystallized two times from dioxane. The yield was 57%. R f was 0. 
Synthesis of Compound F
The unreduced intermediate for this compound was synthesized by adding 540.5 mL of N, N-diisopropylethylamine and 1.026 mL of oleoyl chloride to a solution of 100 mg of 1,4,7,-triazacyclononane (Aldrich Chemical) in 5 mL of dioxane. The reaction mixture was stirred for 16 h at 67°C. A precipitate was formed. The reaction mixture was filtered, the dioxane was evaporated and the residue was dissolved in 2 mL of chloroform. After silica gel column-chromatography (eluent 
Synthesis of Compound G
The unreduced intermediate for this compound was synthesized by adding 407.5 mL of N, N-diisopropylethylamine and 774 mL of oleoyl chloride to a solution of 100 mg of 1,5,9-triazacyclododecane (Aldrich Chemical) in 5 mL of dioxane. The reaction mixture was stirred for 16 h at 67°C. When the reaction mixture was cooled to room temperature, it formed a white precipitate, which was filtered. Dioxane was evaporated, and the residue was dissolved in 2 mL of chloroform. After silica gel column-chromatography (eluent CHCl 3 :CH 3 
Synthesis of Compound H
The unreduced intermediate for this compound was synthesized by adding 418.5 mL of triethylamine and 957.3 mL of oleoyl chloride to a solution of 100 mg of 1,4,8,14-tetraaracyclotetradecane (Aldrich Chemical) in 5 mL of CHCl 3 . The reaction mixture was stirred for 30 min at room temperature. After the triethylamine chlorohydrate was extracted with water, the CHCl 3 was evaporated. After silica gel column-chromatography (eluent:CHCl 3 The PAPA complexes were formed by first mixing 4-6 µ g of plasmid DNA with 2 µ g histone H1 (Type IIIs; Sigma Chemical)/ µ g DNA in 300 mL of OPTI -MEM ® (Life Technologies, Gaithersburg, MD, USA). This ratio of histone H1 to pDNA yields a net positive charged binary complex. After a 5-10 min incubation at room temperature, the water mixtures containing polyamines with or without PE were added to the solution and incubated for an additional 5 min. Each half of the DNA/ PAPA mixture was added to duplicate tissue culture plates. The H2a, H2b, H3 and H4 histone proteins were also purchased from Sigma Chemical.
The cationic lipid complexes were prepared according to manufacturer's recommendations. Specifically, 4-6 µ g of plasmid DNA were mixed with 3 µ g DOTMA/PE (L IPOFECTIN ® ; Life Technologies)/ µ g of plasmid DNA or 6 µ g DOSPA/PE (L IPOFECT AMINE ™; Life Technologies)/ µ g of plasmid DNA in 300 mL of OPTI -MEM within plastic 12 ×75 mm tubes (polystyrene Falcon ® 2054). After incubation at room temperature for 5-10 min, each half of the DNA/cationic lipid mixture was added to duplicate tissue culture plates.
Transfections and Reporter Gene Assays
NIH 3T3 cells (mouse fibroblast), HeLa (human cervical carcinoma) and COS7 cells (monkey kidney -simian virus 40 [SV40] T antigen transformed) were grown in Dulbecco's modified Eagle medium (DMEM; Sigma Chemical) supplemented with 10% fetal calf serum and split one day before transfection. At transfection, 50%-60% confluent cultures were washed once in OPTI -MEM followed by addition of 2 mL of OPTI -MEM to each 35-mm well. Preformed complexes (3 µ g pDNA/ well in 150 mL OPTI -MEM) were then added to each well, and dishes were placed at 37°C in 5% CO 2 . After a 4-h incubation, complexes were removed, and 2 mL of fresh growth medium were added.
Cells were harvested after 40-48 h as previously described and assayed for expression (21, 22) . Following transfections with the luciferase encoding plasmid pBS.CMVLux (3), the cultures were assayed for luciferase activity as previously described (21, 22) . Following transfections with the β -gal encoding plasmid pBS.CMVLacZ (3), the cultures were stained for β -gal activity using 3-4-h incubations with 5-bromo-4-chloro-3-indolyl-β -D -galactopyranoside (X-gal) as previously described (11, 22) . The number of stable transformants were determined by splitting the 3T3 fibroblasts into media containing 800 µ g/ mL of total G418 (70% biological potency) (Life Technologies), one day after being transfected with pSV2Neo as described by Southern and Berg (17) .
Measurements of Cellular Toxicity
Twenty-four hours after transfections, the cultures were exposed to Trypan Blue (Sigma Chemical) to assess cell viability. After washing two times with phosphate-buffered saline (PBS) solution, the cultures were exposed to 0.04% Trypan Blue in PBS for 5 min. For each cell type and transfection reagent, 300-1100 cells within five random fields were counted (Nikon ® TMS microscope; Nikon, Melville, NY, USA).
Another set of cells grown on glass coverslips were also stained with a fluorescein derivative, 2 ′ , 7 ′ -bis(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester (BCECF-AM) and propidium iodide (both from Molecular Probes, Eugene, OR, USA). Per manufacturer's instructions, the BCECF-AM was dissolved in dimethyl sulfoxide (DMSO) at a 1 mg/mL concentration. The propidium iodide was also used at a 1 mg/mL concentration. After 7.5 µ L of the BCECF-AM DMSO solution were added to the 2 mL of culture media (final concentration of 3.75 mg/mL), the plates were randomly selected, and the numbers of cells with cytoplasmic green (BCECF-AM positive) or nuclear red staining (propidium iodide) were noted. For each cell type and transfection reagent, the staining pattern in a total of over 300 cells (in the five fields) was noted.
RESULTS
Histone H1 Protein Substantially Increases the Transfection Efficiency of Amphipathic Polyamines
A variety of amphipathic polyamines (APA) were synthesized (Figure 1) . The amino groups of 9 different linear and cyclic polyamines were acylated with oleic acid and reduced. The amphipathic polyamines were mixed with pBS.CMVLux complexed either with or without 2 µ g of histone H1/ µ g of DNA and then applied to the mouse fibroblast cell line 3T3 in serum-free media. The luciferase activities 48 h after transfection are shown for the optimal amounts of APA (Figure 2) . Most of the polyamines alone (without H1 histone or dioleoyl PE) were not able to mediate the efficient expression of luciferase (Figure 2A ). Using the polyamines alone, the highest levels of luciferase were obtained with compound D, which resulted in 11.5 × 10 6 of relative light units (RLU)/35-mm plate. The inclusion of H1 with the polyamines substantially increased the luciferase expression of all the polyamines from 16-fold to 163 000-fold (a mean increase of 22 034 ±57 011 for the 9 polyamines) (Figure 2A) . Compounds A, D and E yielded more than 100 ×10 6 RLU/35-mm plate when combined with histone H1 protein.
The effect of PE on transfection efficiency was explored given the importance of PE for the transfection competency of cationic lipids (5) . The transfection efficiency of polyamines containing PE (1:1 weight ratio) were determined either with or without 2 µ g of histone H1/ µ g of DNA ( Figure 2B ). The transfection efficiencies of the polyamine and PE mixtures were substantially increased by histone H1 (range 22-12 000, mean 3149 ± 4795). Without the use of histone H1, inclusion of PE with the polyamines had a variable affect on the efficiency of luciferase expression (comparing expression from the polyamines alone and polyamine/PE complexes) (Figure 2, A  and B) . Two of the polyamines (B and D) were not helped by the inclusion of PE, while the remaining ones displayed increased transfection ability. With histone H1, the transfection efficiencies of the combined polyamine and PE mixtures were marginally increased by the 144BioTechniques
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PAPA Complexes Enable Efficient Expression of Reporter Genes
Two of the most efficient transfection complexes, compound D/H1 and compound E/PE/H1, were compared to the well-established transfection reagents, DOTMA/PE (L IPOFECTIN ) and DOSPA/PE (L IPOFECT AMINE) (Figures 3 and 4) . Using the β -gal reporter system, the transfection efficiencies of two amounts of compound D/H1 and compound E/PE/H1 were determined in HeLa, 3T3 and COS cells (Figure 3) . The percentages of blue cells were determined 48 h after transfection with pBS.CMVLacZ. For HeLa cells, compound E/PE/H1 was most efficient with 15% blue cells. For 3T3 cells, DOSPA/ PE was most efficient with up to 60% blue cells, but compound D/H1 transfections were also very efficient with up to 47% blue cells. For COS cells, all three reagents: compound D/H1, compound E/PE/H1 and DOSPA/PE yielded approximately 20%-25% blue cells. DOTMA/PE transfections yielded the least percentage of blue cells for all three cell types.
The transfection efficiencies of compound D/H1, compound E/PE/H1, DOTMA/PE and DOSPA/PE were also compared in 3T3, COS and HeLa cells using the luciferase reporter system (Figure 4) . In all three cell types, the PAPA reagents enabled expression of luciferase levels slightly above or below that of DOSPA/PE (L IPOFECT -AMINE). However, transfections with DOTMA/PE (L IPOFECTIN ) did yield substantially less luciferase than compound D/H1, compound E/PE/H1 or DOSPA/PE.
The PAPA reagents were evaluated for their ability to enable stable transfections. After G418 selection in 3T3 cells, approximately 1% of the cells were G418-resistant following pSV2 -Neo transfections with either DOSPA/ -PE or the PAPA reagents (D/H1 or E/PE/H1). Using the same concentration of G418, we observed no G418- 
Cellular Toxicity
Phase-contrast microscopy indicated that exposure of 3T3, HeLa and COS cells to plasmid DNA complexes containing D/H1, E/PE/H1 or DOTMA/PE did not affect their appearance (data not shown). In contrast, the cells appeared ragged and unhealthy after exposure to plasmid DNA complexes containing DOSPA/PE.
To obtain a quantitative assessment of cellular toxicity, 3T3, HeLa and COS cells were stained with propidium iodide and BCECF-AM 24 h after they were exposed for 4 h to plasmid DNA complexed with the various transfection reagents ( Figure 5 ). Healthy cells are able to convert BCECF-AM to a green fluorescent compound that is retained intracellularly. Propidium iodide only stains the nucleus of cells whose plasma membrane are not intact. Two different concentrations of the PAPA complexes within the range required for optimal expression were assessed. The cationic liposomes were used at the concentration recommended by the manufacturer (which we also found optimal for luciferase and β -gal expression). Transfections with the lower concentrations of compound D/H1 or compound E/PE/H1 resulted in less than 4% of the 3T3, HeLa and COS cells containing nuclear propidium iodide staining ( Figure 5 , D/H1-1 and E/PE/H1-1). The higher amounts of D/H1 and E/PE/H1 were not more toxic to 3T3 cells ( Figure 5 , D/H1-2 and E/PE/H1-2). Although the higher amounts of D/H1 and E/PE/H1 caused greater percentages of propidium-iodide-positive cells in HeLa and COS cells, the percentages were still less than those after exposure to DOSPA/PE complexes.
BCECF-AM staining was observed in all cells not stained with nuclear propidium iodide. Since none of the cells were stained with both fluorescent compounds, the percentage of cells stained with BCECF-AM was the difference between 100% and the percentage of cells stained with propidium iodide (data not shown).
Similar trends were observed using the Trypan Blue staining method (data not shown). Transfections with plasmid DNA complexes containing compound D/H1 or compound E/PE/H1 resulted in less than 2% of the 3T3, HeLa and COS cells stained with Trypan Blue.
DISCUSSION
This report describes a new class of transfection reagents composed of ternary complexes of histone H1 protein, amphipathic polyamines (PAPA) and DNA. They are based upon our previous work, which showed that histone H1 could substantially enhance the transfection efficiency of cationic, neutral or anionic liposomes (7, 9) . Isodensity centrifugation through sucrose gradients reveals a high-density complex that contains all three components (data not shown). The transfection efficiencies of the two best reagents, D/H1 and E/PE/H1 complexes, were comparable to DOSPA/PE cationic liposomes considered one of the most efficient transfection reagents (Figures 3 and 4) .
The PAPA complexes in this report differ from previously developed cationic liposomes in several ways. In contrast to the cationic liposomes, the amphipathic polyamines are unable to mediate efficient transfection without H1 protein (Figure 2 ). It is extraordinary that histone H1 protein increased the polyamines' transfection efficiency by several orders of magnitude.
The chemical structures of the amphipathic polyamines described in this report have several novel features in comparison to the cationic lipids within previously described cationic liposomes (Figure 1 ). They contain amines directly alkylated with an aliphatic oleyl group. Cationic lipids such as dioctadecylamido glycylspermine (Transfectam, DOGS) and DOSPA contain the polyamine spermine, but their aliphatic groups are not directly attached to any of their amines (10, 16) . The new polyamines have been reduced so as not to contain any ether, ester or amide bonds as DOSPA or DOGS contain. In addition, the novel amphipathic polyamines do not contain any quaternary amines in contrast to most of the cationic lipids.
The PAPA complexes also differ from cationic liposomes with regards to PE. Cationic liposomes typically require the incorporation of PE for achieving high efficiency of transfection (5) . In contrast, the transfection efficiencies of most of the amphipathic polyamines developed in this study were only marginally enhanced by PE (Figure 2) .
Phase-contrast microscopy and the three staining methods used to assess cellular toxicity indicated that D/H1 and E/PE/H1 reagents caused minimal toxicity. As previously noted, DOSPA/ PE caused greater cellular toxicity than DOTMA/PE liposomes (4, 10) . The ability of the PAPA reagents to enable high levels of expression with minimal toxicity increases their utility for the study of gene expression and function in vitro. Analyses of promoter and other transcription elements would be aided by an in vitro transfection system that is less likely to affect the activity of these transcription elements by altering their cellular milieu. Furthermore, the effects of protein expression on a cellular function would be best accomplished in a healthy cell. Typically, control plasmids are used to account for the effects of transfection. However, the different effects of experimental and control plasmids may be selectively altered in cells damaged by transfection and not extrapolative from the in vitro model to the actual system under study.
The different cellular toxicity of the various reagents could be because of either the direct effects of their chemical constituents (discussed above) or a result of their mechanisms of gene transfer. Although the cellular routes for gene transfer have not been well defined for the cationic liposomes (such as DOTMA/DOPE or DOSPA/PE), we have even less information concerning the mechanism for the PAPA reagents (19) . We have recently shown that DNA within ternary complexes of histone H1 protein and PE liposomes is not protected from DNase in contrast to its protection within cationic liposome complexes (9) . Preliminary data indicate that DNA within the ternary complexes of histone H1 protein and amphipathic polyamines is also not protected from DNase. This suggests that the DNA within PAPA complexes is transferred by a different mechanism than within cationic liposome complexes.
The amphipathic polyamines described in this report contain amines with pK's within the pH range of 3.0 to 10.5 (15, 18) . It has been suggested that the amines within polyethylenimine (PEI) and spermine-containing cationic lipids (e.g., DOGS) enhance transfection efficiency by buffering the acidity within endosomes (1) . Furthermore, we have recently shown that the transfection efficiency of pH-sensitive, cationic liposomes was dependent on endosomal acidification since it was attenuated by Bafilomycin A 1 or chloroquine (2). However, preliminary data indicate that the transfection efficiency of PAPA complexes is not significantly inhibited by Bafilomycin A 1 , suggesting that protonation of the amines within the polyamine compounds does not play an important role in their endosomal release. In summary, PAPA reagents represent a new class of transfection reagents that contain histone H1 protein and novel amphipathic polyamines. Their ability to achieve high levels of expression with minimal toxicity should make them particularly useful reagents for studies of cellular and gene function.
